Xylanase inhibitor is a protein inhibiting the activity of endo-b-1,4-xylanase that degrades the plant cell wall, and so far three types of xylanase inhibitors, XIP (xylanase inhibitor protein)-type, TAXI (Triticum aestivum xylanase inhibitor)-type and TLXI (thaumatin-like xylanase inhibitor)-type have been identified in cereals (McLauchlan et al. 1999 , Debyser et al. 1999 , Fierens et al. 2007 ). In recent years, xylanase inhibitors have been thought to be involved in plant defense mechanisms against phytopathogens ( Belie¨n et al. 2006) , because some xylanase inhibitors are drastically induced in response to pathogen-related stimuli such as wound, elicitors, jasmonic acid and pathogen infection (Igawa et al. 2004 , Chivasa et al. 2005 , Igawa et al. 2005 ) and can inhibit xylanases from phytopathogenic fungi (Belie¨n et al. 2005 , Brutus et al. 2005 . As xylanase inhibitors accumulate markedly in developing wheat grains (Elliott et al. 2003) , plant xylanases have been produced in cereal grains to mobilize endosperm nutrients (Banik et al. 1997 , Caspers et al. 2001 . Among the three types of xylanase inhibitors, only XIP-type proteins can interact with GH10 (glycoside hydrolase family 10) xylanase, the family to which plant xylanases are known to belong (Goesaert et al. 2004 , Fierens et al. 2007 ). It cannot be denied that, like proteinase inhibitors, some XIP-type proteins are also involved in development by regulating endogenous xylanases in grains (Sin et al. 2006) . In this study, the physiological function of OsXIP including this possibility was investigated.
It was previously shown that a crude protein extract containing recombinant OsXIP produced in Escherichia coli exhibited inhibitor activity toward Trichoderma viride and Trichoderma longibrachiatum GH11 xylanase (Tokunaga and Esaka 2007) ; however, the detailed molecular properties of OsXIP were unclear. To clarify these, purification of recombinant OsXIP was performed by cation exchange HPLC. Details of the production of recombinant OsXIP were described in our previous article (Tokunaga and Esaka 2007) . Briefly, OsXIP lacking the potential signal peptide without any fusion proteins was expressed in E. coli Origami (DE3). A single band was recognized at approximately 30 kDa by SDS-PAGE of the obtained fraction, with the highest xylanase inhibitor activity toward GH11 T. viride xylanase (Fig. 1A) , indicating that recombinant OsXIP had been purified. Different amounts of purified recombinant OsXIP were assayed for their ability to inhibit some GH11 fungal xylanases (Fig. 1B) . The recombinant OsXIP almost completely inhibited the activity of GH11 xylanase from Trichoderma sp., and the inhibitor/xylanase molar ratio that gives 50% inhibition was approximately 0.9-1.2 for both enzymes. However, Aspergillus niger GH11 xylanase was not affected by recombinant OsXIP at inhibitor/xylanase molar ratios up to a maximum of 10. This inhibition specificity is different from that of other rice XIP-type xylanase inhibitors, i.e. rice XIP has little effect on T. longibrachiatum GH11 xylanase, and RIXI can inhibit the activity of A. niger GH11 xylanase410% (Durand et al. 2005 , Goesaert et al. 2005 . It has been reported that xylanase inhibitor activity is influenced by the structure of the xylanase-interacting regions within the xylanase inhibitor (Durand et al. 2005) . The difference in inhibition specificity may be caused by structural divergence, because the preservation of amino acid residues in the site of interaction with GH11 xylanase is relatively low among the XIP-type xylanase inhibitors (Tokunaga and Esaka 2007) . We also showed that the inhibition activity of recombinant OsXIP was detected after a heat treatment for 10 min at up to 708C (Fig. 1C) , suggesting that OsXIP is a relatively stable protein. Furthermore, its inhibition activity showed pH dependence, increasing between pH 4.0 and 7.0 (Fig. 1D) .
To determine the physiological function of OsXIP, Northern blot analysis was carried out for OsXIP in mature rice (Fig. 2) . Northern blot analysis showed that the OsXIP gene was specifically expressed in mature grain, suggesting that OsXIP could be involved in grain development and/or germination via regulation of hydrolysis of xylan in rice. Therefore, we attempted to investigate whether OsXIP has an effect on rice endogenous xylanases. Since it is known that OsXIP is also induced in roots by wounding (Tokunaga and Esaka 2007) , the protein extracts containing rice xylanases were prepared from grains or roots, and the effects of recombinant OsXIP on these xylanases were analyzed. We found that the xylanase activities in these organs were not significantly affected by recombinant OsXIP (Fig. 3) . On the other hand, T. longibrachiatum GH11 xylanase used as positive control was completely inhibited. These results suggest that OsXIP has no effect on rice endogenous xylanases. So far, loss-of-function analysis of xylanase inhibitors has never been carried out. Thus, we investigated OsXIP-suppressed transgenic rice plants which were generated with the RNAi (RNA interference) technique to verify whether OsXIP is involved in grain development and/or germination. To avoid suppression of other GH18 proteins such as class III chitinases, the 3 0 -untranslated region (UTR) of OsXIP was used as a target for RNAi (Fig. 4A) . The rice plant transformed by Agrobacterium, OsXIP-RNAi line (T 0 generation), was grown to the grain filling stage, and its grains were harvested. The obtained OsXIP-RNAi lines (T 1 generation) were analyzed. It was confirmed that three of these lines, OsXIP-RNAi 1, 2 and 3, have the hygromycin resistance gene (HPT) in their genome, and OsXIP mRNAs were actually reduced (Fig. 4B) . [In this study, suppression of the OsXIP transcript was confirmed in leaves treated with methyl jasmonate, because the OsXIP gene is usually induced in leaf by methyl jasmonate treatment (Tokunaga and Esaka, 2007) .] However, these lines germinated normally, and exhibited no change in growth and phenotype after germination compared with the control plants, wild-type and OsXIP-RNAi 4, which is a non-transformed line (Fig. 4C) , suggesting that OsXIP is not essential for rice development. It is well known that XIP-type xylanase inhibitors generally tend to have no effect on bacterial xylanases (Durand et al. 2005 , Goesaert et al. 2005 , Fig. 3 The activity of rice endogenous xylanases in the presence and absence of recombinant OsXIP. A 23 mg aliquot of recombinant OsXIP was used. Trichoderma longibrachiatum GH11 xylanase was used as a positive control. Values are means AE SE (n ¼ 4). ND means no residual xylanase activity was detected.
presumably due to steric hindrance caused by some insertions of amino acid residues after the b-strands 4, 7 and 8 in xylanases (Payan et al. 2004 ). The database analysis revealed that there are six putative GH10 xylanases with the conserved catalytic glutamate within the xylanase active site in rice (data not shown). In these xylanases, 2-5 amino acid residues are inserted after b-strand 7; therefore, this insertion could be responsible for the lack of effect. As OsXIP is not involved in rice development per se, it is possible that it functions only in the environmental responses such as defense against phytopathogens.
Although information on the localization of xylanase inhibitors in plant cells is important in order to determine their physiological role, there have been only few studies to date (Takahashi-Ando et al. 2007 ). To investigate where native OsXIP is localized in rice cells, OsXIP-specific polyclonal antibodies were produced. These antibodies were raised against an 18-residue synthetic peptide (CPAWSRRQSFEKWAKTYP) which is an OsXIPspecific sequence. Fig. 5B shows immunoblot analysis of the soluble protein fractions obtained from E. coli cells transformed with pET19b (empty vector) or pETOsXIP (the recombinant OsXIP overexpression vector), and demonstrates that these antibodies actually react with recombinant OsXIP. Also, the single signal was detected at approximately 30 kDa in an immunoblot analysis of the crude protein extracts from wounded rice root, and was increased sequentially after wounding (Fig. 5C ), indicating that these antibodies specifically recognize OsXIP. In order to confirm whether OsXIP is secreted to the outside of cells in rice, immunoblot analysis was performed with OsXIPspecific antibodies. The result showed that OsXIP exists in the extracellular fraction in wounded rice root, while actin protein and glucose-6-phosphate dehydrogenase (G6PDH) activity, which are cytosolic markers, were hardly detected in this fraction (Fig. 5D ), suggesting that OsXIP is accumulated in the apoplastic space in rice in response to wound stress. It is reasonable that OsXIP should exist in plant cell walls in order to rapidly contact with xylanases which are released from pathogens. This idea is also supported by the molecular properties of OsXIP (Fig. 1C,  D) , because the stability and the relatively high inhibition activity of OsXIP above pH 5.0 can allow OsXIP to act in the apoplastic space which is generally kept at pH 5.0-6.0 (Felle et al. 2004 ). Moreover, a difference in inhibition activity among rice XIP-type xylanase inhibitors would be required to address the various exogenous xylanases from pathogens. Grain is the most xylan-rich organ in plants; arabinoxylans and (1,3-1,4)-b-glucans together account for 95% of polysaccharides in the aleurone and endosperm cell walls in grains (Banik et al. 1997) . Therefore, gramineous Rice XIP-type xylanase inhibitorplants may be using the accumulation of xylanase inhibitors as a pre-existing defense against pathogens.
Materials and Methods
The recombinant OsXIP was prepared as described by Tokunaga and Esaka (2007) . The crude protein containing recombinant OsXIP in 20 mM MES-NaOH (pH 6.0) was loaded on a POROS HS/M cation exchange column (PerSeptive Biosystems, Framingham, MA, USA) (4.6 Â 100 mm, PerSeptive Biosystems, USA) at a flow rate of 2 ml min -1 , which was equilibrated with 20 mM MES-NaOH (pH 6.0). The protein was eluted with a linear gradient of NaCl. The active fractions were pooled and dialyzed against McIlvaine's buffer (0.1 M citric acid/ 0.2 M Na 2 HPO 4 , pH 6.0).
Xylanase activity was determined according to the 3,5-dinitrosalicylic acid method of Miller (1959) . Xylanase preparations (50 ml) were added to 1.2% (w/v) birchwood (1,4)-bxylan (Fluka, Neu-Ulm, Germany) (150 ml) solubilized in McIlvaine's buffer (pH 6.0) and incubated at 308C for 5 min. One unit of xylanase activity was defined as the amount (mmol) of reducing ends in xylan produced per minute. Xylanase inhibitor activity was determined by measuring the activity of GH11 xylanase from T. viride (Sigma-Aldrich, St Louis, MO, USA) (0.4 mg), T. longibrachiatum (XYLANASE M3; Megazyme, Bray, Ireland) (0.8 mg) and A. niger (XYLANASE M4; Megazyme, Bray, Ireland) (0.8 mg) in the presence and absence of recombinant OsXIP. The activity of rice endogenous xylanases was measured as described by Elliott et al. (2003) .
Rice (Oryza sativa cv. Nipponbare) grains were sown in water and grown at 308C using a 16 h light and 8 h dark regime for 2 weeks. The post-germination seedlings were hydroponically grown with culture solution containing appropriate nutrients at 268C. At the anthesis stage, tissues were harvested. Non-used rice plants were allowed to grow further, and whole mature grains containing seed cover were harvested for analysis.
Total RNAs were isolated from rice tissues by the cetyl trimethyl ammonium bromide method. Northern blot analysis using digoxigenin-labeled RNA probes was carried out as described by Tokunaga and Esaka (2007) .
Total RNAs were isolated from the leaves of 3-month-old transgenic and control rice plants at 48 h after 200 mM methyl jasmonate treatment. Reverse transcription was carried out with 1 mg of total RNAs to synthesize the first-strand cDNAs. The PCR was carried out for 22 cycles with the obtained cDNAs and a primer set 5 0 -TCCATCTTGGCATCTCTCAG-3 0 and 3 0 -GTACC CGCATCAGGCATCTG-3 0 for actin, and 5 0 -CGTGACATTT GAAGACCATT-3 0 and 5 0 -CCGTACCTCGCTTTATTTAT-3 0 for OsXIP. It was confirmed that PCR products did not reach a plateau at 22 cycles. The 3 0 -UTR of OsXIP was amplified by PCR using primers 5 0 -AAAAAGCAGGCTGTGTGTGACTGGTCGTGA-3 0 and 3 0 -AGAAAGCTGGGTGGCACCCGAGGTACCGTA-3 0 linked with the adaptor sequence for the BP recombination reaction. The resulting PCR product was cloned into the pGWHPR vector which is used for RNAi with Gateway technology (Invitrogen, Carlsbad, California, USA). Agrobacterium tumefaciens (EHA101) carrying this construct was used to transform rice following the method of Hiei et al. (1994) . Hygromycin-resistant plants regenerated from callus were grown with soil in a pot. The existence of a hygromycin resistance gene in the transgenic rice genome was tested by PCR using a primer set 5 0 -CC TGCCTGAAACCGAACTGC-3 0 and 5 0 -CATCGCCTCGCT CCAGTCAA-3 0 . The polyclonal antibody was generated against the peptide sequence of OsXIP (CPAWSRRQSFEKWAKTYP) by MBL (Medical & Biological Laboratories, Japan). Immunoblot analysis was performed using an ECL Advance Western Blotting Detection Kit (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) according to the ECL Advance manual. Anti-OsXIP antibody or anti-actin antibody, MabGPa (Sigma-Aldrich, St Louis, MO, USA) was used as the primary antibody.
Extracellular proteins were extracted from rice roots according to the method described by Zhu et al. (2006) . Rice roots were cut into 5-10 mm widths before protein extraction, and harvested at 36 h after wounding. The extracellular washing fraction obtained was dialyzed against 50 mM Tris-HCl buffer (pH 7.9) and used in this experiment. After the extracellular proteins had been extracted, rice root segments were homogenized with a mortar and pestle containing the appropriate volume of 50 mM Tris-HCl buffer (pH 7.9). Homogenates were centrifuged at 17,000 Â g for 10 min, and the supernatant was used as the residual total fraction.
The extracted protein (1.5 mg 50 ml ) was added to 10 ml of reaction mixture (30 mM glucose-6-phosphate, 6 mM NADP, Immunoblot analysis was carried out of the crude protein extract in the extracellular washing fraction and the residual total fraction obtained from rice roots at 36 h after wounding. Actin and G6PDH were used as cytosolic markers. NADP to NADPH was measured as the rate of change of the absorbance at 340 nm for the initial 6 min at 308C. One unit of activity was defined as the amount (mmol) of NADPH produced per minute. G6PDH activity was calculated using a millimolar extinction coefficient of NADPH (6.2 mM -1 cm -1
).
